Pendred's syndrome is an autosomalrecessive disorder characterized by deafness and goiter. After our recent identification of the human gene mutated in Pendred's syndrome (PDS), we sought to investigate in greater detail the expression of the gene and the function of its encoded protein (pendrin). Toward that end, we isolated the corresponding mouse ortholog (Pds) and performed RNA in situ hybridization on mouse inner ears (from 8 days postcoitum to postnatal day 5) to establish the expression pattern of Pds in the developing auditory and vestibular systems. Pds expression was detected throughout the endolymphatic duct and sac, in distinct areas of the utricle and saccule, and in the external sulcus region within the cochlea. This highly discrete expression pattern is unlike that of any other known gene and involves several regions thought to be important for endolymphatic f luid resorption in the inner ear, consistent with the putative functioning of pendrin as an anion transporter. These studies provide key first steps toward defining the precise role of pendrin in inner ear development and elucidating the pathogenic mechanism for the deafness seen in Pendred's syndrome.
Pendred's syndrome [Online Mendelian Inheritance in Man (OMIM) no. 274600; see http://www3.ncbi.nlm.nih.gov/Omim] is a relatively common, autosomal-recessive disorder characterized by deafness and goiter (1) (2) (3) . The goiter is variable in its severity but typically presents around puberty (2, 4) . Patients usually have a positive perchlorate discharge test (2, 3) , whereby an increased amount of unincorporated iodide is released from the thyroid after perchlorate challenge. The latter indicates that the defect in Pendred's syndrome relates to the organification of iodide, either in iodide transport into the follicular lumen or in its binding to thyroglobulin.
The deafness in Pendred's syndrome is typically congenital, profound, and sensorineural in nature, although its presentation is variable and can be of later onset. Patients typically have structural malformations of the inner ear, most classically a Mondini malformation (5) (6) (7) , where the cochlea is missing its apical turn and has an underdeveloped modiolus (the central bony portion of the cochlea). This cochlear malformation is often associated with several other characteristic defects, including enlargement of the vestibular aqueducts. It is also becoming increasingly apparent that many Pendred's syndrome patients have enlarged vestibular aqueducts as the only radiological defect (8) (9) (10) , without the classical Mondini malformation. All of these defects are suggestive of a developmental arrest at 7 weeks of human embryonic development. In addition, it has been noted that patients with Mondini malformations usually have reduced numbers of hair cells and spiral ganglion cells (11) ; these latter microscopic defects are thought to lead to the deafness.
We recently identified the Pendred's syndrome gene (PDS) by use of a positional cloning strategy (12) . Numerous Pendred's syndrome-associated mutations have now been identified (9, 10, (13) (14) (15) (16) . The encoded protein, named pendrin, is closely related to numerous known proteins from a large taxonomic span, including plants, yeast, and bacteria. Whereas most of these proteins are sulfate transporters, recent evidence indicates that pendrin does not effectively transport sulfate; rather, it appears to function as an iodide/chloride transporter (17) . These important findings, coupled with the known organification defect in Pendred's syndrome, suggest that pendrin may function in the thyroid to transport iodide into the follicular lumen before its incorporation into thyroglobulin. In contrast to this emerging model for pendrin function in the thyroid, its role in the inner ear remains more obscure.
Recognizing that detailed studies of PDS expression and pendrin function in the inner ear would best be performed in a nonhuman mammalian system, we have pursued the characterization of the mouse ortholog (Pds). Here we report the isolation and sequencing of mouse Pds and the examination of its expression in the developing mouse inner ear.
MATERIALS AND METHODS
cDNA Isolation and Sequencing. Mouse poly(A) ϩ kidney cDNA was either prepared from poly(A) ϩ RNA (CLON-TECH) by using the Advantage RT for PCR kit (CLON-TECH) or obtained as ready-prepared poly(A) ϩ cDNA (Multiple Choice cDNAs, Origene Technologies Rockville, MD). PCR was performed by using the Advantage cDNA polymerase mixture (CLONTECH) according to conditions recommended by the manufacturer. 5Ј-and 3Ј-rapid amplification of cDNA ends was performed as above but with Marathon-Ready cDNA (CLONTECH). Often, the resulting products were sequenced directly (as opposed to being cloned first). To derive sequence near the 5Ј-end of the cDNA, it was sometimes necessary to design sequencing primers with portions complementary to two adjacent exons (thereby avoiding the concurrent sequencing of products amplified from contaminating genomic DNA). The resulting sequence data was managed and assembled with the LASERGENE Seqman II module from DNAstar (Madison, WI). Primers for both PCR and sequencing were designed by using MACVECTOR 6.5 (Oxford Molecular Oxford). Primer sequences are available on request.
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After amplification, PCR products were purified on a Microcon-100 column (Amicon) or treated with exonuclease I (Amersham Pharmacia) and shrimp alkaline phosphatase (Amersham Pharmacia) at 37°C for 30 minutes followed by heat inactivation at 80°C for 15 minutes. Sequencing reactions were performed by using ABI Prism BigDye terminators [Perkin-Elmer/Applied Biosystems; diluted 1:3 or 1:7 with a solution of 80 mM Tris⅐HCl (pH 9.0) and 2 mM MgCl 2 ], Ϸ20 ng/kilobase DNA, and 6 pmol of sequencing primer. The cycle-sequencing conditions consisted of 93°C for 3 minutes followed by 25 cycles of 94°C for 30 seconds, 55°C for 5 seconds, and 60°C for 3.5 minutes. Samples were then purified on 96-well gel filtration blocks (Edge Biosystems, Gaithersburg, MD) or Centrisep columns (Princeton Separations, Adelphia, NJ) and analyzed on a model 377 sequencing instrument (Perkin-Elmer/Applied Biosystems).
RNA in Situ Hybridization. A Ϸ1.7-kilobase fragment of Pds was amplified from mouse kidney cDNA (prepared as described above) by using primers containing 5Ј tails with XhoI and SpeI restriction sites, respectively (5ЈTACGATCTCGAG-CAAAAACTACA ACGGCATCCTCTC3Ј and 5ЈTAC-GATACTAGTGCTGCTGAAGTGCAAAGAAACAG3Ј). The resulting PCR product was digested with XhoI and SpeI, ligated into XhoI-SpeI-digested pBluescript II (Stratagene), and transformed into DH5␣ cells (Life Technologies, Rockville, MD). The authenticity of the selected clone was verified by sequencing. Riboprobes were derived from the above clone and used for in situ hybridization of fetal and P5 mouse inner ear sections. Embryos were staged according to Theiler (18) . Whole-mount in situ hybridization studies were performed on mouse embryos ranging from 8-10.5 dpc (days postcoitum) (19) . Embryos older than 11.5 dpc were processed for cryostat sectioning (19) . RNA probes for Bmp4 (bone morphogenetic protein-4) and Tyrp2 (tyrosinase-related protein-2) were prepared as described (19, 20) .
RESULTS
Isolation of Mouse Pds. To isolate and characterize the mouse Pds cDNA, low-stringency PCR was performed with human PDS-specific primers and mouse kidney poly(A) ϩ cDNA. The sequence derived from the resulting PCR products was then used to design mouse Pds-specific primers, which in turn were used to amplify and sequence the intervening cDNA segments. This iterative process was coupled with 5Ј-and 3Ј-rapid amplification of cDNA ends (21), eventually yielding the complete sequence of the Ϸ3-kilobase mouse Pds cDNA (GenBank accession no. AF167411). The mouse Pds transcript is considerably shorter than the Ϸ5-kilobase human PDS cDNA because of a shorter 3Ј-untranslated region (524 bp vs. 2,359 bp). The coding regions of the human and mouse genes share 85% nucleotide identity. The predicted pendrin amino acid sequences are 87% identical (Fig. 1) . In contrast, the 3Ј-untranslated regions of the human and mouse genes are much less related. As an aside, a similar approach was used to isolate and sequence the rat Pds cDNA (GenBank accession no. AF167412), in this case using mouse Pds-specific primers for performing low-stringency PCR. The rat Pds sequence is 85% and 93% identical to its human and mouse orthologs, respectively. The predicted rat pendrin amino acid sequence is 88% and 96% identical to human and mouse pendrin, respectively ( Fig. 1) .
Pds Expression in the Mouse Inner Ear. A key rationale for isolating the mouse Pds gene was to facilitate expression FIG. 1. Protein alignment of human, mouse, and rat pendrin. The amino acid sequences of pendrin from the indicated species are aligned relative to one another, as predicted from the cDNA sequences of human, mouse, and rat PDS/Pds. Amino acid residues that are identical among the three species are shown on a black background, whereas conservative substitutions are shaded in gray. (1999) studies, especially in the developing inner ear. Previously, we detected PDS expression in a fetal cochlear cDNA library by using PCR analysis (12) ; however, these results did not provide any insight about the temporal or spatial pattern of PDS expression, which is important in light of the complexities of inner ear development and function. Thus, we performed RNA in situ hybridization of inner ear sections derived from mice at various developmental stages by using a Pds-derived riboprobe. As a guide to the results described below, Fig. 2A provides an anatomical overview of the fully developed mammalian inner ear. At mouse postnatal day (P) 5, inner ear development is almost complete, and Pds is expressed in several discrete areas. The most pronounced Pds expression is seen in the endolymphatic duct and sac (Fig. 2B) , with significant expression detected throughout both structures. Additional areas of Pds expression include the nonsensory regions of the utricle, saccule, and cochlea. In the utricle, Pds is expressed in a nonsensory region located between the macula utriculi (the sensory area of the utricle) and the cristae of the anterior and lateral semicircular canals (Fig. 2C) . Likewise, in the saccule, Pds is expressed in a nonsensory region at the posterior tip of the medial wall close to the cochleosaccular duct (Fig. 2D) , again adjacent to the macula. Note that P5 was the latest stage tested for Pds expression in the inner ear.
In the cochlea of a P5 mouse, Pds expression occurs within a restricted set of cells (see Fig. 3A for an overview of the relevant anatomy). Specifically, Pds is expressed by cells that reside immediately beneath the spiral prominence, on the lateral wall of the external sulcus ( Fig. 3 B and C) . To establish the cochlear expression pattern of Pds in a more precise fashion, parallel studies were performed with two genes known to be expressed in neighboring areas: Tyrp2 (Fig. 3 D and E) , which serves as a marker for melanocytes in the stria vascularis (20) , and Bmp4 (Fig. 3 F and G) , which serves as a marker for Hensen's/Claudius' cells (19, 22) . The results of these studies demonstrate that Pds is expressed by a set of cochlear cells that reside in a small, delimited area between Tyrp2-and Bmp4-expressing cells. Interestingly, a small zone of cells that express none of these three genes appears to be present on either side of the Pds-expressing cells (see Fig. 3A for a summary of these studies).
To establish the temporal pattern of Pds expression during development, RNA in situ hybridization was also performed on mouse embryos from 8 dpc to birth. Fig. 4A shows a photograph of a paint-filled endolymphatic space at 15 dpc, which highlights the anatomy of the membranous labyrinth. Pds expression is not detected in the mouse inner ear before 13 dpc. At 13 dpc, Pds is expressed in the developing endolymphatic duct and sac (Fig. 4B) ; this appears to be the only site of expression at this stage. At 15 dpc, Pds expression is also detected in the utricle and saccule (Fig. 4 C and D, respectively) in the same regions as in the more developed inner ear (e.g., Fig. 2 C and D) . Pds expression in the cochlea itself also begins at 15 dpc, appearing in the posterolateral region of the descending proximal portion of the cochlea (see ''1'' in Fig. 4E ) and into the greater curvature of the coiling distal portion (see ''2'' in Fig. 4E ). To refine the anatomical location of Pds expression at these embryonic stages, parallel studies were again performed with a probe specific for Bmp4, which is expressed in the cochlea anlage as early as 11.5 dpc. From 12 dpc onwards, Bmp4 expression is detected in the nonsensory region adjacent to the developing sensory hair cell area of the organ of Corti (19) . The regions of Pds expression in both the proximal and distal portions of the cochlea overlap with that of Bmp4 at 15 dpc (compare Fig. 4 F and G) but are distinct by 18 dpc (data not shown).
DISCUSSION
After our identification of PDS as the gene mutated in Pendred's syndrome (12), we pursued various avenues of investigation aiming to characterize the gene and its associated mutations (9, 10, 13, 14, 16) as well as to elucidate the function of its encoded protein, pendrin. These efforts should help to define the physiological role of this anion transporter and to provide insight about the mechanism(s) underlying the deafness and goiter in Pendred's syndrome. Gaining a detailed understanding of pendrin's function in the inner ear will be especially challenging and realistically requires the use of a robust model system, such as the mouse. Motivated by the latter notion, we embarked on the studies reported here, which include elucidating the cDNA sequence of the mouse ortholog of the Pendred's syndrome gene (Pds) and characterizing the expression pattern of Pds in the developing inner ear.
Our studies of Pds expression shed new light on the role of pendrin during inner ear development and the etiology of deafness in Pendred's syndrome. Specifically, Pds is expressed in a limited set of cell types within the ear (Figs. 2-4) . Furthermore, it is presumed that pendrin functions as an anion transporter within these cells. We postulate that the anion transport performed by pendrin is critical for maintaining the appropriate ionic balance within inner ear fluid, which is known to serve a crucial role in the hearing process (for review, see refs. [23] [24] [25] . The inner ear consists of an inner and outer chamber (Fig. 2 A) . The outer chamber is encased by the bony labyrinth and contains a fluid called perilymph, which is similar in composition to cerebrospinal fluid. The inner chamber is separated from the outer chamber by a delicate membrane, the membranous labyrinth, and contains endolymph. Endolymph has a markedly different ionic composition from plasma and extracellular fluid (for review, see ref. 23 ). Indeed, its high potassium and very low sodium content more closely resembles intracellular fluid. Furthermore, endolymph has a positive voltage (ϩ80 mV) compared with perilymph or plasma; this is called the endocochlear potential. The mechanisms required for the maintenance of this unusual fluid composition are poorly understood at present, but are appreciated to be complex and different from those of other fluid compartments.
The expression pattern of Pds may provide important clues about the possible role for pendrin in maintaining the appropriate ionic composition of inner ear fluid. In the cochlear duct, endolymph is mainly secreted by the marginal cells of the stria vascularis, the richly vascularized epithelium in the lateral wall (Fig. 3A) ; it is also believed to be secreted by other specialized cells of the inner ear, including the dark cells of the vestibule. However, the resorption of endolymph is thought to occur in the endolymphatic duct and sac, which, importantly, is the primary area of Pds expression. The endolymphatic duct and sac are extensions of the endolymphatic space, protruding through the vestibular aqueduct of the petrous temporal bone to the cranial cavity (Fig. 2 A) . Experimental destruction of the endolymphatic sac [e.g., for creating an animal model of Ménière's disease (26) (27) (28) (29) ] leads to an increased volume of endolymph with distension of the membranous labyrinth (endolymphatic hydrops), suggesting that the endolymphatic duct and sac play an important role in endolymph resorption. This is further supported by the fact that the characteristics of the cells in these structures are similar to those of other known ionand fluid-transporting cells (30) .
The endolymphatic duct and sac are widely studied for their role in the resorption of endolymph. It is interesting to note that some studies have indicated that the other Pds-expressing regions may also be involved in fluid homeostasis. Relatively little is known about the cells in the lateral wall of the external sulcus of the cochlear duct, and Pds is the first gene associated with expression specific to these cells. To date, there have been two cell types described in this region, most easily distinguishable at an electron microscopy level. The spiral prominence cells extend down from the stria vascularis to meet the external sulcus root cells, which in turn are almost totally covered by the Claudius' cells (31) . Based on our light microscopy studies, we cannot establish precisely which of the two cell types in the external sulcus expresses Pds. This is further complicated by the fact that at P5 (the latest stage examined), the mouse cochlea is not fully developed (32) . Indeed, given that Pds expression is not directly adjacent to the stria vascularis or the Claudius' cells, it would appear that there could be more than two cell types in this region at a functional level. However, there is evidence suggesting that both the spiral prominence (38), but not neighboring cells, also suggests a role in the homeostasis of inner ear fluids. Finally, it is interesting to note that all of the Pdsexpressing cells in the inner ear also express the gene encoding AE2 (39), a Cl Ϫ /HCO 3 Ϫ exchanger, although the latter has a slightly wider expression pattern (40) .
Taken together, our data indicate that Pds is expressed in several different types of inner ear cells that are important for the resorption of endolymph. These results are particularly interesting in light of the recent report of Scott et al. (17) demonstrating that pendrin functions to transport iodide and chloride (but not sulfate). Iodide is not of known importance in the inner ear, whereas a role for chloride can be readily postulated. Additional studies are needed to identify which anion(s) are being transported by pendrin within the inner ear. Regardless, these findings allow hypotheses to be formulated about the pathology seen in Pendred's syndrome. At first, it seems difficult to imagine how altered fluid homeostasis can cause what is essentially an arrest in development of the inner ear at seven weeks of gestation (e.g., resulting in a Mondini malformation or widened vestibular aqueduct). However, assuming that pendrin function and PDS/Pds expression patterns are conserved between human and mouse inner ears, one can speculate that if resorption of fluid is inefficient at a critical developmental stage, the increased endolymphatic volume could cause an abnormal fluid pressure that hinders the final maturation of the inner ear and leads to this patterning defect. It is important to point out that a widespread endolymphatic hydrops has not been described in adults with Pendred's syndrome, even in the presence of an enlarged endolymphatic sac. This suggests that there is either a critical stage of inner ear development particularly sensitive to the putative resorption defect or a compensatory resorption mechanism that sets in after cochlear development.
Although the deafness in Pendred's syndrome is generally congenital, there are a smaller number of cases with lateronset hearing loss, often being precipitated by mild head trauma (7, 9, 10, 41). Of the above-referenced cases that were investigated radiologically, this late-onset presentation was usually associated with enlarged vestibular aqueducts. It is assumed that if the hearing loss is of later onset, the sensory and neural cells of the cochlea must have (at least initially) developed normally. However, it has been suggested that a large vestibular aqueduct allows the abnormal transmission of fluid pressure from the cranial cavity, which may cause a rupture of the membranous labyrinth in congenitally weak spots of the basilar membrane or Reissner's membrane. In turn, leakage of the potassium-rich neurotoxic endolymph could then damage the sensory and nerve cells, resulting in deafness (42) . Of course, it is also possible that this is the etiology underlying the hearing loss in patients with congenital (or at least prelingual) deafness.
It is worth noting that our data on Pds expression strongly suggests that the deafness in Pendred's syndrome is directly caused by the absence of normal pendrin in the inner ear as opposed to a secondary effect of thyroid dysfunction. The latter notion has (at times) been speculated in light of the well known association of congenital hypothyroidism and deafness.
Other arguments against such a theory include the fact that hypothyroidism-induced deafness in animal models generally affects the organ of Corti and tectorial membrane in a specific fashion (43, 44) and thus differs from the defects seen in Pendred's syndrome. Furthermore, overall thyroid function, as assessed by serum thyroid-stimulating hormone and thyroid hormone levels, is generally normal in Pendred's syndrome and, in the fetus, maternal hormones would compensate for any tendency toward a hypothyroid state. Finally, even with severe congenital hypothyroidism, hearing loss is often mild (45) .
In the studies reported here, we have investigated the function of pendrin in the inner ear. However, analogous questions regarding the role of pendrin in the thyroid gland and in other Pds-expressing tissues are also of interest. F and G depict adjacent sections. At 13 dpc, Pds expression is detected in the endolymphatic duct and sac (B). At 15 dpc, Pds expression is found in the utricle (C), saccule (D), and cochlea (E and F). Note that at 15 dpc, the Pds-and Bmp4-expressing areas overlap (compare F and G). es, endolymphatic sac; u, utricle; s, saccule; csd, cochleosaccular duct; co, cochlea; ed, endolymphatic duct; mu, macula utriculi; ca, crista ampullaris; s, saccule; 1, proximal portion of the cochlea; 2, distal portion of the cochlea. Orientations: L, lateral; V, ventral; A, anterior. (Bar ϭ 100 m.) unpublished data). These studies also point to distinct functions for pendrin in the thyroid and inner ear.
In summary, the results reported here represent important first steps toward defining the role of pendrin in the inner ear. In particular, our expression studies give tantalizing clues about the possible etiology of deafness in Pendred's syndrome centering on defective anion transport and endolymphatic fluid homeostasis. Future studies will be aided by the development of a Pds-knockout mouse, which should provide valuable information about the functioning of pendrin in the inner ear, the thyroid, and other tissues as well as an experimental system for investigating all of the clinical features of Pendred's syndrome.
